Natural killer T (NKT) cells are important regulators of immunity for infectious diseases, tumor surveillance, allergy, and autoimmunity (2, 17, 36) . NKT cells have a semi-invariant T-cell receptor consisting of an invariant T-cell receptor ␣ (TCR-␣) chain (V␣14-Ja18 in mice and Va24-Ja18 in humans), paired with a limited array of TCR-␤ chains (comprised of V␤8.2, V␤7, or V␤2 in mice and V␤11 in humans), that facilitates the recognition of lipid-based antigens presented by the major histocompatibility complex-like molecule CD1d. NKT cells are a potent source of cytokines and facilitate several aspects of adaptive immunity in both mice and humans.
Natural killer T (NKT) cells are important regulators of immunity for infectious diseases, tumor surveillance, allergy, and autoimmunity (2, 17, 36) . NKT cells have a semi-invariant T-cell receptor consisting of an invariant T-cell receptor ␣ (TCR-␣) chain (V␣14-Ja18 in mice and Va24-Ja18 in humans), paired with a limited array of TCR-␤ chains (comprised of V␤8.2, V␤7, or V␤2 in mice and V␤11 in humans), that facilitates the recognition of lipid-based antigens presented by the major histocompatibility complex-like molecule CD1d. NKT cells are a potent source of cytokines and facilitate several aspects of adaptive immunity in both mice and humans. NKT cells are typically a small subset of lymphocytes within lymphoid tissues and peripheral blood (16) .
Human NKT cells can express CD4 and CD8 molecules, and these cells are susceptible to human immunodeficiency virus type 1 (HIV-1) infection in vitro (28) . Several studies have demonstrated reduced numbers of NKT cells in the peripheral blood of HIV-infected humans (28, 31, 35) , which is at least partially reversed following effective antiretroviral therapy (34, 37) . However, the highly variable numbers of NKT cells in the blood of healthy human subjects, and the inability to compare NKT cells before and after HIV infection within an individual, complicate analyses of the impact of HIV infection on NKT cells. The degree to which NKT cell depletion contributes to the immunodeficiency of HIV infection in humans is not known, although a higher rate of malignancies has been observed in HIV-1-infected subjects with lower NKT cell levels (29) .
Asian macaques such as rhesus, cynomolgus, and pigtail macaques are well-accepted primate models for the study of HIV (22) . Several viruses including simian immunodeficiency virus (SIV) and chimeric simian/HIV (SHIV) cause an AIDSlike disease in macaques including pigtail macaques (1) . SIV and SHIV viruses, like HIV-1 strains, vary in their uses of either CXCR4 or CCR5 chemokines to enter CD4-bearing cells. There have been only a limited number of studies of NKT cells in macaques (14, 15, 20, 27) , often studying NKT cells within lymphoid organs such as the spleen. We undertook a comprehensive kinetic study of NKT cells in pigtail macaques using an ␣-galactosylceramide (␣-GalCer)-loaded CD1d tetramer prior to, and throughout, both CCR5-using SIV mac251 infection and CXCR4-using SHIV mn229 infection.
MATERIALS AND METHODS

Animals and viruses.
Pigtail macaques (Macaca nemestrina) were obtained from the National Health and Medical Research Council-supported macaque breeding facility in Australia. All macaques were juveniles, aged 3 to 5 years of age, during the studies. Macaques were studied as part of groups participating in SIV infection and SHIV infection studies that were previously reported (12, 21) . Our institutional animal ethics committee approved all animal use protocols. Serial fresh blood samples or frozen peripheral blood mononuclear cells were analyzed for each macaque. For SIV infection, we studied macaques infected with the CCR5-tropic SIV mac251 as previously reported (21, 33) . For SHIV, we studied macaques infected with the CXCR4-tropic SHIV mn229 as previously reported (11, 12) . We observed typical patterns of infection of pigtail macaques with these viruses as was previously reported (1) . Plasma SIV or SHIV viral RNAs were studied by real-time reverse transcription-PCR and depletion of total CD4 T cells followed by flow cytometry as previously described (11) .
NKT cell analyses. NKT cells were defined as CD3
ϩ lymphocytes stained with the ␣GalCer-loaded mouse CD1d tetramer (CD1d/␣-GalCer tetramer, produced in house from a baculovirus construct originally provided by Mitchell Kronenberg) (25) . NKT cell subsets were studied by counterstaining with CD3, CD4, CD8, CD45RA, and CD95 monoclonal antibodies as previously described (24, 32) . Intracellular gamma interferon (IFN-␥) expression by peripheral blood NKT cells was assessed by flow cytometry following phorbol myristate acetate (50 ng/ml) and ionomycin (3 g/ml) stimulation of peripheral blood ex vivo for 6 h as previously described (8) . The intracellular expression of IFN-␥ was studied as previously described for T-cell studies of pigtail macaques (13) .
RESULTS
NKT cells in peripheral blood of pigtail macaques. The study of NKT cells has become technically simpler in recent years with the use of CD1d tetramers bound to ␣-GalCer: these tetramers have been used with success on mouse, macaque, and human samples (3, 18, 25, 27) . NKT cells were defined by gating on CD3 lymphocytes that bound to the CD1d/␣-GalCer tetramer (Fig. 1A) . We counterstained cells with CD4 and CD8 staining to identify NKT cell subsets. We validated the staining with the CD1d/␣-GalCer tetramer by using an empty CD1d tetramer and saw no nonspecific staining (Fig. 1b) . The NKT cells also expressed CD45RA (44 to 90% of NKT cells) and CD95 (92 to 99% of NKT cells) but did not express CCR7, CD56, or CD25 (not shown). NKT cells are typically a potent source of cytokines, and, confirming this activity in the pigtail macaques that we were studying, most of the NKT cells expressed high levels of IFN-␥ when stimulated in vitro (Fig. 1C) .
NKT cell frequencies in the peripheral blood of humans are highly variable (3) . Thus, the lack of predisease blood samples can be problematic when ascribing the depletion of NKT cells to particular diseases. An advantage of macaque models in studying NKT cells over mouse and human systems is the ability to monitor NKT cells over time through the repeated sampling of blood and knowledge of baseline NKT cell levels prior to a disease process. We first studied NKT cell levels in peripheral blood samples of 64 naïve pigtail macaques. A large range of peripheral blood NKT cell levels in healthy pigtail macaques was observed, ranging from 0 to 2.2% of lymphocytes, with a mean level of 0.19% ( Fig. 2A) . Eleven of the 64 macaques had Ͻ0.01% NKT cells out of all lymphocytes. Although the CD4 ϩ NKT cell subset was almost always the largest (in 93% of samples), there was also variability in the proportion of NKT cell populations that were CD4 ϩ , CD8 ϩ , or CD4 ϩ CD8 ϩ ( Fig. 2A) . Consistent with some previous reports of studies using rhesus macaques (14, 20) , very few NKT cells in the animals tested carried the CD4 Ϫ CD8 Ϫ phenotype that is common for mice and humans.
Given the significant variability of NKT cell frequencies between macaques, NKT cell percentages in 10 macaques were examined over a 5-month period of time and found to be stable (within twofold) throughout this period. (Fig. 2B) . Similarly, the proportions of CD4 ϩ CD8 Ϫ , CD8 ϩ CD4 Ϫ , and CD4 ϩ CD8 ϩ NKT cell subsets were relatively stable over time within each animal ( Fig. 2C and D) .
NKT cell frequencies are frequently assessed in blood and lymphoid organs in mouse studies where NKT cells typically comprise 0.2 to 0.5% of lymphocytes in the thymus and blood, 1% in the spleen, and 20 to 40% in the liver (16) . The availability of various organs at autopsy of macaques allowed us to perform a direct comparison of NKT cell levels in blood taken both prior to infection and at autopsy to that in lymph nodes, spleen, bone marrow, and liver samples in five SIV-or SHIVinfected pigtail macaques (see Fig. S1 in the supplemental material). Marginally lower numbers of NKT cells, as a proportion of lymphocytes, were present in lymph node, spleen, and bone marrow samples compared to peripheral blood taken at the time of autopsy. In one animal, there was a twofold increase in NKT cells within the lymphocyte population from the liver, although this was not a consistent finding. We also studied one animal (animal 9532) that had virtually no NKT cells present in peripheral blood at autopsy and found that NKT cells were also absent in the other organs studied. Effect of SHIV mn229 infection on NKT cell populations over time. In vitro, human NKT cells are susceptible to HIV-1 infection (28) , and in vivo, HIV-1 infection of humans correlates with reduced numbers of peripheral blood NKT cells (31, 35) . We first asked whether reductions in NKT cell numbers are observed in six SHIV mn229 -infected macaques prospectively monitored over time with a range of baseline NKT cell levels. SHIV mn229 is CXCR4 tropic, and infection of pigtail macaques with this virus resulted in a rapid, profound, and irreversible loss of peripheral CD4 T cells in all animals studied ( Fig. 3A and B) (11) . We observed a variable pattern of total NKT cell levels over time following SHIV mn229 infection. Two of the animals (animals 6269 and 6167) (Fig. 3C) had a rapid and sustained loss of NKT cells at 3 weeks after SHIV mn229 infection. Both the proportion of NKT cells within the lymphocyte gate and the absolute number of NKT cells declined in these animals (see Table S1 in the supplemental material). Of the other four animals studied, two had minimal changes and two had a two-to threefold rise in total numbers of NKT cells, as a proportion of lymphocytes, over time.
Since SHIV infections target CD4-expressing cells, we then analyzed the effect of SHIV mn229 infection on the proportion of defined CD4/CD8 NKT cell subsets over time ( Fig. 3D and  E) . Despite the variable total levels of NKT cells, we consistently observed an abrupt loss of the proportion, and absolute number, of CD4 ϩ CD8 Ϫ NKT cells over the first 1 to 4 weeks of infection that was sustained over time ( Fig. 3D ) (see Table  S1 in the supplemental material). A concomitant rise in the proportion of CD8 ϩ NKT cells was observed in all six animals over the same time period (Fig. 3E) . In most animals, this did not represent more than a twofold rise in absolute numbers of CD8 ϩ NKT cells; however, in two animals (animals 5350 and 6167), there were large (7-to 10-fold) absolute rises in the numbers of CD8 ϩ NKT cells (0.06% to 0.65% and 0.07% to 0.51% of lymphocytes), reflecting the overall rise in numbers of NKT cells after SHIV mn229 infection in these animals (Fig.  3C) . Levels of CD4 ϩ CD8 ϩ NKT cells in these animals generally fell or remained at low levels (Fig. 3F) .
NKT cell populations following SIV mac251 infection of macaques. SIV mac251 is a CCR5-tropic virus that, in comparison to CXCR4-tropic viruses, results in slow and more variable depletion of total CD4 T cells, more analogous to human HIV-1 infection. Furthermore, most human infections result 
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jvi.asm.org from viruses tropic for CCR5, and CCR5-tropic SIV infections of macaques are generally viewed as being more appropriate models of human HIV-1 infection (38) . We evaluated the effect on peripheral NKT cell populations following SIV mac251 infection of seven pigtail macaques with variable numbers of baseline NKT cells in peripheral blood. All infected animals developed high levels of SIV viremia during acute infection, but, as expected, there were variable levels of viremia and CD4 T-cell depletion during chronic infection ( Fig. 4A and B) . We again observed a variable pattern of total NKT cell changes over time, with three animals (animals 6158, 6267, and 6288) having a sustained loss of NKT cells both as a proportion of lymphocytes (to Յ20% of baseline levels) (Fig. 4C ) and in their absolute numbers (see Table S1 in the supplemental material). The other four animals maintained more stable levels of NKT cells over time (Fig. 4C ) (see Table S1 in the supplemental material). Interestingly, those animals with the highest baseline levels of NKT cells experienced the greatest declines. Four animals experienced reductions in numbers of CD4 ϩ NKT cells following SIV mac251 infection, expressed both as a proportion of NKT cells (Fig. 4D ) and in absolute numbers (see Table S1 in the supplemental material). In five of the seven SIV mac239 -infected animals, we also monitored numbers of CD8 ϩ and CD4 ϩ CD8 ϩ NKT cells over time. There was a rise in the proportion of CD8 ϩ CD4 Ϫ NKT cells over time in the two animals (animals 6267 and 6361) with depleted CD4 ϩ NKT cells monitored 19 to 23 weeks after infection (Fig. 4E) . In these animals, the number of CD8 ϩ NKT cells expressed as a proportion of total lymphocytes remained constant during infection (changing from 0.055% to 0.048% and from 0.15% to 0.18%, respectively) rather than reflecting a large absolute increase in CD8 ϩ NKT cells. Again, CD4 ϩ CD8 ϩ NKT cells did not show any consistent pattern over time but generally remained at a low frequency (Fig. 4F) . 
Associations between NKT cell levels, peripheral CD4 T-cell depletion, and SIV viral load. The dramatic loss of CD4
ϩ NKT cells following SHIV mn229 infection mirrored the loss of total CD4 ϩ T cells (Fig. 3B and D) . Indeed, we observed that levels of CD4
ϩ NKT cells and total peripheral CD4 ϩ T cells were tightly correlated (Fig. 5A) , suggesting a common mechanism of depletion. SHIV mn229 is, however, uniformly pathogenic, with high viral loads, and there was no relationship between the depletion of NKT cells and viral load in the SHIV mn229 study (not shown). We therefore studied the relationship between viral load and NKT cells in the macaques infected with SIV mac251 , since infection with this virus results in a wide range of subsequent set point viral loads. The relationship between SIV viral levels and total, or CD4 ϩ CD8 Ϫ , NKT cell levels was assessed ( Fig. 5B and C) . We chose the last three viral load samples available prior to week 23 in all animals to study, since these levels most closely reflect the chronic viremia that more accurately predicts disease both for macaques with SIV infection and for humans with HIV-1 infection (30) . We expressed NKT cell frequencies as a proportion of baseline levels, since we showed baseline NKT cell numbers varied widely ( Fig. 2A) but remain relatively uniform within individual animals (Fig.  2B) . The proportions of both total NKT cells and CD4 ϩ CD8 Ϫ NKT cells were inversely proportional to SIV viral load during chronic SIV mac251 infection ( Fig. 5B and C) . There was no relationship between CD4 Ϫ CD8 ϩ NKT cells and viral load (not shown).
DISCUSSION
This study comprehensively analyzed peripheral blood NKT cells in healthy pigtail macaques and then monitored jvi.asm.org levels of NKT cells and defined CD4/CD8 NKT cell subsets over time after either CXCR4-tropic SHIV infection or CCR5-tropic SIV infection. The depletion of total NKT cell populations after infection was variable, but the depletion of CD4 ϩ CD8 Ϫ NKT cells was uniform in six of six macaques early after SHIV infection and occurred in four of seven macaques within 5 months after SIV infection. The loss of CD4 ϩ CD8 Ϫ NKT cells was tightly correlated with the depletion of conventional CD4 ϩ T cells, suggesting a common mechanism. The destruction of both total and CD4 ϩ NKT cells correlated with viral load during chronic SIV infection. Our results suggest that SIV and SHIV infections preferentially deplete CD4 ϩ CD8 Ϫ NKT cells, likely through direct infection. This is consistent with a previous study of NKT cells isolated from rhesus macaques where CD4 ϩ but not CD4 Ϫ NKT cells were susceptible to infection with SIV in vitro (27) .
Levels of NKT cells in pigtail macaques shared several similarities with NKT cells in humans, with a large range of total NKT cells, although generally, they are up to 1% of peripheral lymphocytes (3). Similar to macaques, a given frequency of NKT cells within individual healthy humans is typically stable over time. The relative stability in blood within each macaque allows some confidence that sustained changes over time can be ascribed to SIV or SHIV infection.
The majority of NKT cells in peripheral blood from the large number of naïve pigtail macaques that we studied expressed CD4
ϩ , but there were also significant portions of NKT cells that expressed both CD4 and CD8 or CD8 alone, while few NKT cells were CD4 Ϫ CD8 Ϫ . This is in contrast with some previous studies of NKT cells from rhesus macaques, where there seems to be little agreement in the cell surface phenotype of NKT cells with regard to CD4 and CD8 expression. In one study (15) , NKT cells defined as being V␣24 ϩ 6B11 ϩ (an antibody specific for the invariant NKT cell TCR-␣ chain) were nearly all CD4
Ϫ , and approximately half were CD8␣ ϩ CD8␤ Ϫ . However, these cells were expanded in vitro, which may have impacted their cell surface phenotype. Another study, again using in vitro-expanded NKT cells derived from peripheral blood mononuclear cells, reported NKT cells to be nearly all CD8 ϩ , with few CD4 ϩ or double-negative NKT cells. A previous paper by Motsinger et al. (27) examined fresh ex vivo spleen-derived NKT cells (defined by V␣24 expression and CD1d/␣-GalCer tetramer binding) from rhesus macaques. They showed that the majority (average 65%) of NKT cells were CD8 ϩ and that approximately 20% were CD4 ϩ . It was possible that spleen-derived NKT cells examined in the latter study (27) are different from blood-derived NKT cells. A recent study (14) directly compared rhesus macaque blood and spleen-derived NKT cells and found that most spleen NKT cells were CD4 ϩ CD8 ϩ , compared to blood, where most NKT cells were CD4 Ϫ CD8 ϩ , although even in blood, 20% were reported to be CD4 ϩ CD8 ϩ . Our results are not exactly consistent with any of the previous studies, but this may be due to the fact that we have used pigtailed macaques versus the use of rhesus macaques in all previous studies. Nonetheless, it is clear that NKT cell subsets exist in macaques, and the different subsets of NKT cells in humans and mice are known to have clear functional consequences (6, 7, 9, 19, 23) . The role that these different subsets play in the immune system is unknown, but we maintain that this is an important consideration when studying NKT cells.
The kinetics of depletion of CD4 ϩ CD8 Ϫ NKT cells closely mimicked those of total CD4 T-cell depletion in SHIV-infected pigtail macaques, and in general, a similar relationship has been observed in HIV-infected humans (26, 34, 35, 37) . Our results are consistent with the expression of both CXCR4 and CCR5 by macaque NKT cells (27) . In contrast with humans infected with HIV-1 (26), we observed a large and sustained concomitant increase in absolute levels of CD4 Ϫ CD8 ϩ NKT cells in two macaques infected with the rapidly virulent CXCR4-using SHIV mn229 . An increase in CD8 ϩ NKT cells was not observed following infection with the CCR5-tropic SIV mac251 virus, consistent with suggestions that infections with SIV mac251 and related CCR5-tropic strains are the more appropriate models of HIV pathogenesis (38) .
Our studies do not yet address the implications of NKT cell depletion for HIV/SIV disease. Given the close relationship between CD4 ϩ T-cell depletion and CD4 ϩ NKT cell depletion that we observed, it could prove difficult to tease out the specific role of NKT cell depletion. Emerging work does, however, suggest that the depletion of NKT cells correlates with an increased risk of cancer in HIV-infected subjects (29) . This is consistent with a role for NKT cells in tumor surveillance in mice (10) . Given the potent ability of NKT cells to produce multiple cytokines and coordinate innate and adaptive immune responses, it is likely that NKT cell depletion has multiple functional consequences. There is also increasing interest in stimulating NKT cells to enhance immunity, for example, using ␣-GalCer as a vaccine adjuvant (4, 5) . Such studies may ultimately define the utility of NKT cells and reveal strategies to specifically enhance their function and prevent consequences of NKT cell depletion during HIV infection. 
